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Part I
Basic results of the viral dynamics model

1 Deterministic model

In the absence of mutation or migration, the dynamics for a virus of strain ¢, present in compartment
J, can be described using the basic viral dynamics equations (1):

.%:j = >‘j — ﬁijxjvij — dxl'j
Yij = ﬂijxjvij - dyyij (D
Uij = kyij — dyvij

where x;, ;; and v;; are the populations of uninfected cells, cells infected with strain ¢ and free
virus of strain ¢, respectively - all in compartment j. Uninfected host cells die at rate d, and are
produced at rate \;. These cells become infected by strain ¢ at rate [3;;. Infected cells die at rate d,,
and produce free virus at rate k. Free virus is cleared at rate d,,. Implicit in these parameter choices
is the assumption that compartments differ only in the rate at which uninfected cells are produced,
and viral strains differ only in the rate at which they infect new cells.

The basic reproductive ratio (i.e. the number of new infections generated by an infected cell be-
fore it dies in a totally susceptible population of host cells) for this model is R{ = \;5;;k/(d.d,d,)
(Ref (1)).

This system can be simplified by assuming that the population of free virus instantaneously
reaches an equilibrium with respect to the population of infected cells. This separation of timescales
is valid when we are not interested in short term fluctuations, because the dynamics of the virus
tend to be much faster than those of cells (1; 2). We therefore set v;; = 0 and get v = (k/d,)y, and
by defining B;; = (;;k/d, we reduce the model to two equations tracking only cells:

.CL"'j = )\j — Bijxjykj — dx.ij (2)
Yij = Bijz;yi; — dyyi

There are two steady state solutions to this system of equations when only a single strain is
present: When Rj = \;B;;/(d.d,) < 1, there is no infection, and when Ry > 1, the infection
reaches a steady state level:

( A\ g
{d—f,o} = {N,,0} if Ry <1
{25, v} = 3)
N, N, 1 N, ’
{—j,,J—dﬁ”<1— )}z{ i,,K;} if RY > 1
L ROJ dy ROJ ROJ
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When there is more than one virus strain in a single compartment at a given time, the equations
can easily be modified and new steady state solutions and stability conditions derived. The result is
that only one virus strain ever remains in the compartment at steady state (competitive exclusion)
(1). This is the strain with the highest R, value.

These steady state equations give rise to terms we will frequently use throughout the paper.
The total number of uninfected host cells that a compartment j contains when there is no virus
present is called the compartment size and is given by N,. The equilibrium number of infected
cells of type ¢ that are present in a compartment when Réj > 1 for strain ¢ and Réj > R'gj for all
k # i is termed the carrying capacity and is denoted by sz

This system can be extended to account for mutation and migration, along with the presence of
multiple strains:

l;j = )‘j — .Tj Z Bkjykj — dxl’j
k

4
Yig = %5 Y ki By — (dy + Y mig)yis + Y Mg @
k q q

where (1 is the probability per infection event that strain £ mutates to strain ¢, and my; is the rate
of migration from compartment ¢ to compartment j. Note that we have ignored the migration of
uninfected cells, since it is not important for the evolutionary process we are interested in. Because
we are only tracking cells, and not virus, we have implicitly assumed that it is infected cells that
migrate. This assumption should have only miminal influence on our results, because while virus
numbers are much larger than those of infected cells, the establishment probability starting from a
single virion is much lower.

This system no longer yields a tractable analytic solution when Réj > 1 for any {i,j}, and in
general is better described by a stochastic process, since we will mainly be interested in the time
until equilibrium is reached. The result of mutation and migration is that the equilibrium levels
will be altered compared to Eq. (3). The major qualitative difference is that strains will persist in
compartments where Réj < 1. When u and m are small, these levels tend to be very low compared
to the NV; and Kj’ and differences in {a:;", y;;} from Eq. (3) are minor. However, as this paper
demonstrates, mutation, migration and the relative viral fitness values in different compartments
have a major influence on the time to reach the equilibrium state.

While in general the migration rates m,,; can take on any values, we choose a simple and bi-
ologically realistic migration scheme to reduce the number of independent parameters. In this
scheme, each pathogen migrates out of its current compartment at rate m. Migrants from a given
compartment are then distributed into all four compartments (including the one they came from)
proportionally to the compartment sizes, so that larger compartments get more migrants. There-

fore, the rate of migration from compartment ¢ to compartment j becomes
N.
= m—— )
Nror

Mg
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where Nyor = > ; N; is the total number of uninfected host cells in the body before infection.

2 Stochastic model

The deterministic viral dynamics model tracking uninfected and infected cells serves well to de-
scribe the growth of the infection when the number of cells of any type is large, however, when
cell numbers are small, such as when the infection initially starts or when a new strain arises,
stochastic effects become important. The deterministic model can be reformulated as a branching
process (similar to (3-5)) during these initial stages of infection, since the number of uninfected
target cells (z) is approximately constant on this timescale:

Yij — Y + 1 .. rate: Réjdy

(6)
Y, = Yi; — 1 .. rate: d,,.

This is a standard birth-death process. Note that there are an infinite number of stochastic processes
that reduce to the same deterministic equations, and for some infections, burst-death models (5-7)
- where many new infections occur from a single infection nearly simulataneously - may be more
appropriate. To keep our model general and to ensure closed form solutions for the probabalistic
expressions described below, we have chosen the simplest process.

If a single cell infected with strain ¢ arrives in compartment ;7 where it has Réj > 1, then the
probability it will grow to establish an infection ( described by Equation 3) as opposed to going
extinct(8) is
1

Pl =1-—.
Ry

est T

(7

If a single cell infected with strain ¢ arrives in compartment j where it has Réj < 1, then P;ﬁt =0
but this cell may still infect a few other cells before the infection dies off. The average number of

new infections caused by a single infected cell is

ij
R 0

ElX;] = R
(]

®)

Note that Eq. (8) does not count the initial migrant cell, only new infections that occur in compart-
ment j.

This equation makes use of the fact that the probability of producing exactly n offspring is
given by
_wy
(1 + Ré])2n+1

c - 1 <2n>
1+n\n




where C,, is the ny, Catalan number, describing the number of unique infection paths leading to
exactly n offspring.

It is important to note that both these equations apply only when there is no previously es-
tablished infection when the initial cell of strain 7 arrives. If strain k& # ¢ is already resident in
compartment j, then RS must be replaced by R /RS, to account for the reduction in target cells

(see z* in Equation 3).

3 Mutation-selection equilibrium

To approximate the probability of resistance via different paths in later sections, we will encounter
many expressions that require the frequency at which a rare deleterious mutant exists in a popu-
lation at equilibrium. Here we describe a method to determine the probability distribution for the
number of either one-step or two-step mutants in a compartment where the wild-type (or single
mutant) population is at carrying capacity.

We make the following assumptions: The carrying capacity of the resident population is large
enough that stochastic fluctuations in size are not important. At each infection event, there is a
probability p that a wild-type infected cell will mutate and instead produce a mutant infected cell.
Mutant cells have a infection rate that is reduced by a factor of 1 — s, where 0 < s < 1 is the cost of
the mutation (or the selection coefficient), but die at the same rate d,. We can assume that ;1 << 1
so that mutation does not significantly change the equilibrium population size nor the infection rate
of the wild-type cells.

3.1 Frequency of single mutants

Here we consider, as an example, mutants resistant to drug 1 that exist before treatment, or in the
sanctuary during treatment. The frequency of single mutants can be determined by considering
the stochastic process determining the size of the single mutant population (X;). Let the resident
population (in this example, the wild type) be at equilibrium level (X), where the replication rate
is equal to the death rate (d, /X'). We then have the following processes that can stochastically occur
in the population:

X1 — Xy +1..rate: pdy K
X; — Xq+1..rate: (1 —s1)d, X, 9)
X1 — Xy — 1. rate: d, X,

This is a standard immigration-birth-death process, with immigration rate / = p;d, K, birth rate

B = (1 — s1)d,, and death rate D = d,,. The probability generating function for the the size of a
population governed by this process (9; 10) is

F(z) = (ﬂ)( ) (10)

@~

Bz—D
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and so the PGF for the distribution of the mutant population size is

Kpq
F( ) Sl ((1751>> (11)
J=\1- (1—s9)z
where the probability that there are exactly n mutants can be recovered as p(n) = %‘g;—f .—0- The
average number of mutants is
dF
Bzl = | = K2 (12)
dz S1

3.2 Frequency of double mutants

We now assume that one mutation occurs at a rate ;; and has cost s;, while the other has p5 and
s9. This situation represents the occurance of double mutants in any compartment before treatment
starts or in the sanctuary during treatment. A cell with both mutations can arise by either by a
wild-type cell acquiring both mutations simultaneously, or, by a mutant cell with one mutation
gaining the other (in either order). The fitness of the double mutant cells is reduced by a factor

(1 — 81)(1 — 82).

The frequency of double mutants can be determined by considering the stochastic process
determining the size of the single and double mutant populations (X7, X5, X15):

X; — Xp+ 1. rate: pydy, K + (1 — s1)d, Xy
X1 — Xy —1..rate: d, X,
Xo — Xo+ 1 .. rate: pod, K + (1 — s9)d, Xo
Xy — Xy — 1 .. rate: d, Xs
Xi2 = Xig+ 1 .rater pugpody, K + p (1 — s2)dy Xo + p2(1 — s1)dy X1 + (1 — s1)(1 — s52)dy X129
X2 — Xy — 1 ... rate: d, Xy
(13)

However, this is no longer a simple immigration-birth-death process and we are not aware of an
analytic solution.

An approximate solution can be obtained if we assume that each of the single mutant popu-
lations are large enough so that they can also be considered to be at a constant equilibrium level
(K1 = p1/s1K and Ky = s /s K). This approximation is reasonable, because if double mutants
are frequent enough to affect treatment failure, then for realistically small values of /s , single
mutants will be quite frequent.



In this limit, the stochastic process is now:

X2 — Xip + 1 ... rate: MllugdyK + /,Ll(]_ — SQ)dy (?) K+ MQ(]- — Sl)dy (%) K
2 1

X2 = Xpp+ 1 ..rate: (1 — s1)(1 — s2)dy Xio (14)
X12 — X12 — 1 ... rate: dyX12
This is a modified immigration-birth-death process with
1 1
I = /,Ll/,LQdyK (— + — — 1)
S1 S9 (15)
B = (1 — 81>(1 — Sg)dy
D =d,

and the PGF for the distribution of the double mutant population size is

B 1— (1 — 51)(1 — 52) %K(%—F%_l)
F(z) = (1 —(1-s)(1 —32)2) (16)

where the probability that there are exactly n mutants can be recovered as p(n) = S %4L|__,. The

T nlden
average number of mutants is
Elz] = k12 (17)

8182.

This is the same result that one would derive using a fully deterministic model (for example, see
Nowak and May(1)).

Part 11
Paths to treatment failure

4 Overview of probability of treatment failure

To obtain a simplified analytic description of the probability distribution of the time to treatment
failure in our model, we consider a reduced Markov chain description for the evolution of resis-
tance. The Markov chain reduces the possible number of states of the population using the fol-
lowing assumptions: First, we assume that only one type of cells is present in a compartment at a
given time. Second, we assume that when a strain that colonizes a compartment, it instantaneously
reaches its carrying capacity. This means that the period when the strain is growing exponentially
is ignored. We can make this assumption because exponential growth occurs much faster than evo-
lution (separation of timescales), so the chance that resistance mutations appear when the pathogen
is growing exponentially is much lower than the chance that they appear when the infected cells
are at carrying capacity. Thus, in this description a compartment is either empty or fully occupied
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by only one strain. Transitions between states in this description occur at constant rates given by
their average value.

In the simplest case, we will consider two competing paths to resistance: direct evolution of
double-drug resistance from the sanctuary, or stepwise evolution of resistance via the single-drug
compartment. For simplicity, for the rest of the Supplement we will assume there is only one
single-drug compartment, with drug 1, though extension to two is straightforward. We will first
derive results without considering the possibility of pre-existing mutations, and then extend our
calculations to include this source.

4.1 Acquired resistance only

Let ry; be the probability per unit time (the rate) at which the single-drug compartment (“1”) is
colonized from the sanctuary (“0”). Similarly, 715 is the rate of the double-drug compartment
(“2”) being colonized from the single-drug compartment (once the SDC is colonized), and 7.
the rate of direct colonization of the double-drug compartment from the sanctuary. Expressions
for these rates will be given in the subsequent sections (§5.1-5.3). Assuming that at ¢ = 0 only
the sanctuary is colonized, and it contains only wild-type cells at carrying capacity, then we can
write the probability distribution functions for the time at which the double-drug compartment is
colonized via each path as

P02 (t) = T026_r02t
Pora(t) = 21 (erit — ot o
To1 — T12

where Fy, refers to the direct path from the sanctuary, and Fy;, refers to the path going through
the single-drug compartment. Similarly, the cumulative distribution functions C'(¢), defined as the

probability that the target compartment has already been colonized by a particular time, are written
as C(t) = [ P(u)du.

The conditional cumulative distribution function F'(¢) describes the probability that the double-
drug compartment is colonized via a particular path, by a particular time, when both paths are
possible. To calculate F'(¢), we must condition the CDF for each path on the probability that the
other path has not occurred, resulting in

FOQ(t) == / POQ(U)(l — COlg(U))dU
) (19)

Fm@:A%dWLﬁﬂmw

4.2 Including pre-existing resistance

At the time that drug treatment is started, there may already be single mutants pre-existing in the
single-drug compartment, or double mutants pre-existing in the double-drug compartment, which
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can speed up the time to resistance. We term the probability that an individual has an established
single mutant population in the single-drug compartment at ¢t = 0 as p,; and the same probability
for a double mutant in the double-drug compartment as pyy. Then the conditional cumulative
distribution functions become

%@zuﬂwcwﬂmmm/%mm—%dwm)
0 20)

fm@=%+wwg@wwl%ﬂwvwmwm

5 Rates of treatment failure

5.1 Colonization of the single-drug compartment by single resistant mu-
tants

For each single-drug compartment, there are two separate paths by which single drug resistance
can arise during treatment, depending on whether mutation or migration from the sanctuary occurs
first. Consequently, in the general two-drug case where there are two single-drug compartments,
there are four separate paths by which single-drug resistance can happen. Here we present results
only considering one single-drug compartment, though the extension to two is simple. Parameter
descriptions are given in the main text.

Mutation-migration path In this path a mutant strain is generated in the sanctuary and migrates
to the single-drug compartment. The rate at which this path happens is proportional to the carrying
capacity of the wild-type population in the sanctuary (number of infected cells at equilibrium), the
frequency of the mutant in this population (Equation 12), the migration rate (Equation 5), and the
establishment probability (Equation 7) of the mutant in the single-drug compartment:

um wT M1 1,SDC
Tor = KSANS_mSAMSDCPest
1

_ W &mNSDC (1 _ 1 ) @D
SAN s ™" Nror Rwr (1 — s1)

Migration-mutation path In this path a wild-type migrant from the sanctuary goes to the single-
drug compartment and gains a mutation. The rate at which this path happens is proportional to
the carrying capacity of the wild-type population in the sanctuary (number of infected cells at
equilibrium), the migration rate, the size of the wild-type infection in the single-drug compartment
before it goes extinct (Equation 8), the mutation rate, and the establishment probability of the
mutant.

ro) = K Ag[;}qjlfmSAN,SDCE[XWT,SDC]Hlpeléf be
N Rwr(1 —¢) 1 (22)
_ KWT SDC w 1—
SANmNTOT 1 —Rwr(1—e) H Rywr(1—s1)
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Comparison The total rate of colonization is ro; = 7, + 74, . For most of the parameter
ranges we will consider, the rate of the mutation-migration path is much larger than the rate of the
migration-mutation path. This is because we consider the cost of the mutation (s) to be relatively
small but the drug efficacy to be quite large (¢ ~ 1), so that the fitness of the mutant in the
sanctuary is much larger than the fitness of the wild type in the single-drug compartment. However,
if Rywr(1 —€;) > 0.5, it is possible for the migration-mutation path to be more important.

5.2 Colonization of the double-drug compartment via the single-drug com-
partment

There are two separate paths by which double drug resistance can arise from single mutants es-
tablished the SDC during treatment, depending on whether mutation or migration from the SDC
occurs first.

Mutation-migration path In this path a double mutant strain is generated in the single-drug
compartment and migrates to the double-drug compartment. We assume the single resistant pop-
ulation in the single-drug compartment is at steady state when mutation occurs. The rate at which
this path happens is proportional to the carrying capacity of the single resistant mutant population
in the single-drug compartment (number of infected cells at equilibrium), the frequency of the dou-
ble mutant in this population, the migration rate, and the establishment probability of the double
mutant in the double-drug compartment.

iy = Képcg—ijDc,DDcP 5 PPe
B (— >
5PC s, """ Nror Rywr(l —s1)(1 — s9)

Migration-mutation path In this path a single resistant mutant migrant from the single-drug
compartment goes to the double-drug compartment and gains a mutation. We assume the single
resistant population in the single-drug compartment is at steady state when migration occurs. The
rate at which this path happens is proportional to the carrying capacity of the single resistant mutant
population in the single-drug compartment (number of infected cells at equilibrium), the migration
rate, the size of the single resistant infection in the double-drug compartment before it goes extinct,
the mutation rate, and the establishment probability of the double mutant.

iy = K&pemspo,ppe E[X1,ppclua Py "¢
N, Ryr(l—s)(1 —¢ 1 (24)
= Klpom 226 (Al zs)Coe) (o
NTOT 1 RWT(]- 81)(1 62) RWT(l 81)(1 Sg)

Comparison The total rate of colonization is 15 = 715" + r75". For most of the parameter
ranges we will consider, the rate of the mutation-migration path is much larger than the rate of
the migration-mutation path. This is because we consider the cost of the mutation (s3) to be
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relatively small but the drug efficacy to be quite large (e2 ~ 1), so that the fitness of the mutant
in the SANctuary is much larger than the fitness of the wild type in the single-drug compartment.
However, if Ryr(1—e3) > 0.5, itis possible for the migration-mutation path to be more important.

5.3 Colonization of the double-drug compartment directly from the sanctu-
ary

There are three separate paths by which double drug resistance can arise directly from the sanctuary
during treatment, depending on the order in which the two mutations are acquired relative to the
migration event from the sanctuary.

Mutation-mutation-migration path In this path a double mutant strain is generated in the sanc-
tuary and migrates to the double-drug compartment. The rate at which this path happens is propor-
tional to the carrying capacity of the wild-type population in the sanctuary (the number of infected
cells at equilibrium), the frequency of the double mutant in this population, the migration rate, and
the establishment probability of the double mutant in the double-drug compartment.

ppm _ e WT M1 b2 pl2.DDC

T02 SAN ¢ —MTMSAN,DDC L est
5182

WT ,UI,UQmNDDC (1 _ 1 ) (25)
SAN 5185 Nror Rywr(1 —s1)(1 — s9)

Mutation-migration-mutation path In this path a single mutant strain resistant to either drug
1 or drug 2 is generated in the sanctuary and migrates to the double-drug compartment, where
it gains a second mutation. The rate at which this path happens is proportional to the carrying
capacity of the wild-type population in the sanctuary (the number of infected cells at equilibrium),
the frequency of the single mutant in this population, the migration rate, the size of the single
mutant infection in the double-drug compartment before going extinct, the mutation rate, and the
establishment probability of the double mutant in the double-drug compartment. Mutations can
occur in either order.

oo = KSAN 5 mSAN,DDCE[Xl,DDC]N2P6132t bbe 4 KSAN 5 2 mgan ppcE[Xo ppe) i PL2PPC
N 1
_ KWT DDC 1 —
sanHpizim Nror Rwr(l —s1)(1—s9)
% |:l ( RWT<1 - 81)<1 — 62) ) + l ( RWT<1 - 82)(1 - 61) ):|
S1 1— RWT(l — 81)(1 — 62) 1— RWT(l — 82)(1 — 61)
(26)

Migration-mutation-mutation path In this path a wild-type migrant from the sanctuary goes to
the double-drug compartment, where it gains both mutations. The rate at which this path happens
is proportional to the carrying capacity of the wild-type population in the sanctuary (the number of
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infected cells at equilibrium), the migration rate, the size of the wild-type infection in the double-
drug compartment before going extinct, both mutation rates, and the establishment probability of
the double mutant in the double-drug compartment. Mutations can occur in either order.

Tog = KEZVWSAN,DDCE[XWT,DDC]M1E[X1,DDC]M2P6152£DDC
+ K& Nmsan ppo B[ Xwr.ppclpeE[Xe.ppolin pzppe
. oy NTIES T YA S
S NTOT ]_ — RWT(]- — 61)(1 — 62) RWT(]- — 81)(]_ — 82)

(i) (i)

Comparison The total rate of colonization is rgo = rht"" + ri"™ + ri**. For most of the
02 02 02

parameter ranges we will consider, the rate of the mutation-mutation-migration path is much larger
than the rate of the migration-mutation-mutation or mutation-migration-mutation path. This is
because we consider the cost of the mutations (s1, s2) to be relatively small but the drug efficacy to
be quite large (€1, €2 /= 1), so that the fitness of the mutant in the sanctuary is much larger than the
fitness of the wild type in the single or double-drug compartments.

6 Modified rate equations to account for temporal clustering
of mutations

We found that the rate expressions used above in the simplified Markov process did a very good job
of qualitatively explaining our simulation results, but consistently over-estimated the rate of treat-
ment failure, especially at low mutation rates, high migration rates, and low costs of resistance.
Through extensive simulations, we determined that this was due to an approximation inherent
in the rate formulas presented in Sections 5.1, 5.2 and 5.3. Because the mutation-migration (or
mutation-mutation-migration) path is dominant for all parameter ranges relevant to our study, we
focus on describing the issue and correction for this rate.

Equations (21), (24) and (25) assume that mutants (e.g. single mutants in the sanctuary in
Eq. (21)) are present at their expected mutation-selection frequency given by Egs. (12) and (17) at
all times. However, in some parts of parameter space, this deterministic approximation leads to a
drastic overestimation of the rate of evolution of drug resistance. This overestimate occurs because
in reality, the prevalence of mutants varies in such a way that mutants tend to “clump” together
temporally. When the total rate of generating single mutants in a compartment is low (K pu << 1),
but mutations are not very costly (s << 1), then mutants may not be present in the population in
most generations, but when they are present, then subcritical but efficient replication may cause
them to exist at frequencies much higher than the mutation-selection balance prediction. If, in
addition, the eventual probability of migrating and fixing in one of the other compartments is fairly
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high for each mutated individual, then the approximations of §5.1-5.3 will be far off, because the
probability that at least one of a group of mutants is successful will be a highly non-linear function
of the number of mutants. Using the average (or expected) number of mutants will therefore over-
estimate the rate of adaptation. See Figure S4 for an example of a parameter region where there
is less temporal clumping of mutations and migration rates are higher so the simplified Markov
process has a much better agreement with the stochastic simulations.

Intuitively, this can be understood as follows. Suppose the expected number of mutations exist-
ing in a particular compartment is 1, and each mutant individiual individual has a 10% probability
of migrating and establishing in the next compartment. We can demonstrate that adaptation will
occur faster if 1 mutant is consistently generated every generation, as opposed to 100 mutants all
occuring in one generation, every hundred generations. In the former case, there is overall a 10%
change of successful invasion every generation, leading to an expected waiting time for success
of 10 generations. In the latter case, there is an ~ 100% chance of succsesful invasion every
hundredth generation, leading to an expected waiting time for success of 100 generations. In this
case, for a pathogen population trying to adapt, it would be much better to have 1 mutant every
generation (assuming expected number of mutants is 1) that has a 10% probability of success, than
to have 100 mutants all occurring in one generation, once in a hundred generations even though
success is virtually guaranteed in this generation.

Previous work has demonstrated that this effect is important for tunnelling (11) and also for
adaptation from standing genetic variation (Fig. 2 of Hermisson and Pennings(12)). Here we
adapt the mathematical approach of Weissman et al. (Appendix C) to recalcuate Equations (21),
(24) and (25), taking into account this uneven temporal distribution of mutations. We can avoid
needing to exactly specify this distribution by instead using a first-step analysis, which considers
each event that can happen to a single mutant individual and uses this to implicitly calculate the
ultimate probability of reaching and establishing infection in a new compartment.

6.1 Colonization of the single-drug compartment by single resistant mu-
tants

We consider first the rate at which the single-drug compartment (SDC) is colonized by single re-
sistant mutants originating in the sanctuary (SAN). We focus on the mutation-migration path, as it
is dominant for the entire parameter range of interest in this paper (drug treatment is highly effica-
cious and mutations have a low fitness cost).

The previous approach involved separately calculating and then multiplying together i) the ex-
pected number of secondary mutants generated from each mutation event from the wild type, ii) the
probability that each will migrate, and iii) the establishment; instead, this approach calculates this
entire process together. We call the overall probability that any single mutant (strain “1”, directly
resulting from a mutational event or one of its offspring) will migrate from the SAN to the SDC
and establish the “rescue probability”, p1:34AN.5PC  Once we know this probability, then the overall
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rate of generating single drug resistance is the product of this number and the rate of mutational
events from the wild type.

The first-step analysis uses the fact that the the rescue probability for an individual mutant is
equal to the probability that this individual itself establishes or that it produces an offspring that
establishes. There are four possible first events that can occur to an individual:

e With rate mgan spc, it can migrate to the SDC, resulting in rescue with probability Pelsts be
e With rate d,, it can die, resulting in zero probability of rescue

e With rate mgan,, — Msan,spc, it can migrate to another compartment, resulting in zero
probability of rescue

e With rate (d,+mgan,,)(1—s1), it can replicate and produce two identical mutant individuals,

and the probability that at least one of them is successful is 1 — (1 — pLIAN.SDC)2,
Here msano = >, mga ~,; 18 the migration rate to any compartment outside the sanctuary.
J£SAN

We also use the fact that the turnover rate of the wild-type population in the SAN at equilibrium is
the sum of the death rate (d,) and the outward migration rate mg4n,,, because at equilibrium, input
to compartment must equal output from compartment. The replicate rate of the mutant population
is reduced by a factor of 1 — s compared to the wild type. Because we are using rates rather than
probabilities, we can normalize by the sum of the rates to get the expression

1,SAN,SDC __ msan,spc P, elsig be +dy -0+ (mSAN,o - mSAN,SDC) -0

e (dy +msan,e)(2 — s1)

n (dy +msan,o) (1 — s1)(1 — (1 — py35P9)?) 28)
(dy + mgan,)(2 — s1)

This equation can be solved for pL54V:5PC (o give

1LSAN,SDC _ —S1 + \/S% -+ 4(1 — Sl)msAN’spcpjs’ch/(dy + mSAN,O)

resc 2(1 _ Sl)

(29)

To calculate the overall rate of this path, 7§, we need the rate of mutational events. This is the

product of the number of cells turning over each day (the carrying capacity of the SAN, KL
multiplied by the turnover rate) and the mutation rate, u;. As a result, the rate of invasion of the
SDC from the SAN becomes

~ N wrT 1,SAN,SDC
To1 =~ Tpr = SAN(dy + mSAN,O):ulpresc (30)
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6.2 Colonization of the double-drug compartment via the single-drug com-
partment

Using the same method as above, we get the probability that a mutational event that produces a
double mutant (strain “12”") in the SDC leads to successful invation of the DDC

.DDC
p12:5DC.DDC _ —S2 + \/S% +4(1 - 32)m5DC,DD0Pest /(dy +mspc,o) a1
resc 2(1 o 82)
where in this case mspc, = >, Mmspc,;, so that
j£SDC
rig & 15" = Kgpo(dy + mspeo)paprese PP (32)

6.3 Colonization of the double-drug compartment directly from the sanctu-
ary

We next determine the rate at which the the double-drug compartment (DDC) is colonized by
double resistant mutants originating in the sanctuary (SAN). We focus on the mutation-mutation-
migration path, for the same reasons discussed above. Because this process involves three steps,
we will need to invoke the first-step analysis twice. First, we will need to determine the overall
probability that any single mutant (strain 17, directly resulting from a mutational event or one of
its offspring) will gain a second mutation and migrate from the SAN to the DDC. We call this res-
cue probability pL3AN.-PPC  However, this rescue probability will depend on the probability that
any double mutant (strain 12", directly resulting from a mutational event or one of its offspring)
will migrate from the SAN to the DDC, pl2,54N.DPC
We consider first the probability of rescue starting from a single mutant resistant to drug 1,

pLIAN.DDC Bor a single mutant individual in the SAN, there are four possible first events that can
occur:

e With rate mgan ., it can migrate away, resulting in zero probability of rescue
e With rate d,, it can die, resulting in zero probability of rescue

e Withrate (d, +msan,o)(1 — s1)us, it can replicate and produce one double mutant offspring,

and the probability that either the single or double mutant is successful is pLS/V-PDC 4

esc
12,SAN,DDC 1,SAN,DDC
Drese (1 Dresc ))

e Withrate (dy,+mgan,)(1—s1)(1—uz), it can replicate without mutating, and the probability
that at least one of the resulting single mutants is successful is 1 — (1 — pL,3AN.DDPCY2,

presc
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We can write the rescue probability as the sum of the probabilities of each first-step event multiplied
by probability of rescue conditional upon this first step to get

1,SAN,DDC __
resc -

Msane -0+ dy -0+ (dy + mgan,o)(1 — s1)ug (p}",e.zglN,DDC + piz;i‘AN,DDC(l _ piéiéAN,DDC’))
(dy + mgan,0)(2 — 51)
+ (dy + mSAN,o)(l — 31)(1 — u2)(1 — (1 _ p%éng,DDC

(dy + mgan,)(2 — s1)

") 33

1,SAN,DDC

which, when solved for p,;>; , gives:
1,SAN,DDC __ — (51 + (1 — 81)ug(pt33AN.DDC 4 1))
resc 2(1 — 81)(1 — u2)

\/(81 + (- 82)u2(p’1“g£AN7DDC + 1)) + 4(1 — s1)%us(1 — uQ)p%éiAMDDC
21— s1)(1 — us)
Rescue could also occur starting from a single mutant resistant instead to drug 2, with a probability

25AN.DDC “\which by symmetry is given by

+ (34)

2,SAN,DDC _ — (82 + (1 — sp)uy (p2SANDDC 4 1))

rese 2(1 — s2)(1 —uy)

V2 + (1= s)ua (B PPC 41)2 4+ 4(1 = s (1 = wplaE VPP
2(]. — 82)(1 — ’Uq)

These formulae require knowing p!%54N-PDC “which can be calculated using a separate first-

step analysis that considers each possible first even that can occur to a double mutant in the sanc-
tuary:

+

(35)

12,DDC
P

e Withrate mgsan ppc, it can migrate to the DDC, resulting in rescue with probability P,

e With rate d,, it can die, resulting in zero probability of rescue

e With rate mgan, — Msan,ppc, it can migrate to another compartment, resulting in zero
probability of rescue

e With rate (d, + mgsan,)(1 — s1)(1 — s2), it can replicate and produce two identical double
mutant individuals, and the probability that at least one of them is successful is 1 — (1 —

12,SAN,DDC\2

pTeSC ) .

This gives us the implicit formula for p}2,54N.PDC

12,5AN,DDC _ WSAN,DDcPeIft’DDC +dy -0+ (m, — msan.ppc) - 0
(dy + msano) (L + (1 —s1)(1 — s2))

(dy + msan,o)(1 — s1)(1 — s9)(1 — (1 — przSAN-DPC

)?)
(dy + msano)(1 4+ (1 —s1)(1 — s2)) (36)
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which can be solved to give

12,SAN,DDC _ _ (1= (1=s1)(1—s2))
rese 2(1 —s1)(1 — s9)

\/(1 — (1 — Sl)(l — 82>>2 + 4(1 — 81>(1 — 52>mSAN7DDCP€182t’DDC/<dy -+ mSAMO)
2(1 —s1)(1 — s9) '

The overall rate of this path of invasion of the DDC from the SAN, 7§}, which includes the fact
that mutations may occur simultaneously or in either order, is then

(37)

~ MM wT 1,SAN,DDC 2.SAN,DDC 12,SAN,DDC
Toz2 = Tpa = KSAN(dy + mSAN,O)(:ulpresc + H2Prese + H12Prese ) (38)

6.4 Limiting forms

In particular limits, these modified equations reduce to the expression given in Sections 5.1 -
5.3. By comparing the expressions for ry;" and 745" in Equations (30) and (32) to those in
(21) and (24), we see that these are equivalent in the limit that (1 — $)pyigest/ 52 < 1. Here
Pmig,est 18 the probability that an individual mutant will migrate to the target compartment be-
fore dying or migrating to another compartment. For example, for colonization of the SDC,
Drmig.est = TUSAN, SDcPels’tS be /(dy, + mgan,). In this limit, the probability that at least one in-
dividual in the lineage of the mutant produced from the wildtype is able to establish infection in a
new compartment can be well-approximated by the product of the average lineage size (1/s) and
the migration-establishment probability (g cs¢). Note that this limit does not depend on p. For
the direct path, the conditions that lead to equivalence between r{},"" given by (38) and (25) are

more climplicated, and do depend on .

7 Comparison of stepwise versus direct path to acquired double-
drug resistance

One way to quantify the influence of single drugs compartments (SDC) on the evolution of drug
resistance is to determine the compartment size at which the probability of stepwise evolution
becomes equal to the probability of direct evolution in the absence of this compartment. This cor-
responds to the “crossing point” of the two lines in Fig 2. If the probabilities become equal when
the SDC are small relative to the double-drug compartments, this indicates that this extra compart-
ment has a disproportionate influence on the risk of resistance.

Because the analytic calculations described in the previous sections match extremely well with
the simulation results (Fig 2 and Fig S4), we can numerically predict the SDC size at the cross point
by setting the conditional cumulative distribution functions for the probability of treatment failure
(Equation 19) by the direct (Fy2(t)) or stepwise (Fp12(t)) path equal, and solving for Ngpe/Nppc.
However, we would like to have an expression for this value, to understand its dependence on
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the parameter values. While no general closed form solution exists, we can get an approximate
expression in two different regimes.

For both regimes we use the simpler expressions given in Section 5, which although neglecting
temporal clustering of mutants, only slightly overestimates rates of evolution for the parameter
ranges we use, and yields much more comprehensible formulae.

Approximation 1 The first approximation is valid if we look at treatment outcomes when a
short enough time (?) has passed so that the prevalence of either single drug resistance or treatment
failure is low and all steps are rate-limited (rg;t << 1, 19t < 1, rgot < 1). This situation occurs
for the results presented in Fig 2a. In this limit,

F02 (t) ~ ’l“ogt

2
wr M Nppc 1
= — 1— —— |t
SAN 82 (m NTOT ) ( RWT<1 — 8)2)

1
Foa(t) =~ 57’017“1275
Lowr b Nspc 1 L Nppc 1
~ KT 1——— VkLH |
2 SAN S (mNTOT RWT<1 — S) Sbo S m NTOT RWT(l - 8)2

Setting Foo(t) = Fyi2(t), and using the definitions of the carrying capacities (Equation 3), we find
that the cross-point occurs when

N N 1 d 1 2\
SDC SDC T
~ | cmNorZE (1 - ——— ) ¢ . (40)
Nppc Nror <2 ror dy < RI/VT(l — S)) )

We use the fact that the double-drug compartment comprises the vast majority of the body for
all situations we study. Therefore, in this limit, the size of the SDC where the stepwise path
to resistance becomes more important than the direct path increases with the pathogen virulence
(d,/d,), but decreases with the migration rate (), the total number of uninfected cells before
treatment (Nror, the time of observation (), and (weakly) with the fitness of the single mutant

(Rwr(1 — )

Approximation 2 A second approximation may hold for longer times, if the system is in a regime
where treatment time is long enough so that most individuals who developed single drug resistance
progressed to treatment failure (r5¢ > 1), but the other (generally slower) steps remain rate
limiting (rg1t < 1,702t < 1. This situation occurs for the results presented in Fig 2b. In this limit,

FOQ (t) ~ Togt

2
wr M Nppc 1
~ il R
SAN 82 (m NTOT ) ( RWT(l — 8)2>

wr M NSDC) ( 1 )
= —m 1————— |t
SAN S ( NTOT RWT(l — S)

(41)




Setting Foo(t) = Fp12(t), we find that the cross-point occurs when

e = (1w =) (- i)
NDDC S RWT(]- — S) RWT(l — S)

We use the fact that the cost of resistance is small (s < 1) and Ryy7(1 — s)? > 1. This simpler and
more intuitive result demonstrates that the more infrequently mutations occur and the more costly
they are, the rarer it is to get double mutants, and the more important the stepwise path involving
the SDC is.

(42)

w |

Note that for many parameter values and treatment times, neither of these approximations may
be appropriate.

8 Including pre-existing resistance

For the main results of the paper, we ignore the effects of pre-existing single or double resistance
mutations in compartments containing one or both drugs. However, we present simulation results
including this standing genetic variation in Figure 3. Here we present calculations for the proba-
bility of pre-existing mutations, and with these expressions and formulation of Section 4.2, we can
analytically calculate how standing genetic variation changes the rate of acquiring resistance with
and without single-drug compartments.

8.1 Probability of pre-existing single drug resistance in the single-drug com-
partment

There are two mechanisms by which single drug resistance mutations may colonize the single-drug
compartment (SDC) very shortly after treatment begins, without being generated by the sanctuary.
When drug treatment starts, there is an existing wild-type infection in all compartments. In the
SDC, this infection has a size K¥/. A mutation can either exist at mutation-selection balance in
this initial population, or, if the drug is not 100% efficacious, it can arise during replication that
continues as the wild-type population decays in the presence of the drug.

The relative probabilities of these two paths were considered in an early viral dynamics paper
(13), and they found that the probability of pre-existing mutation is always greater than the prob-
ability of a newly generated mutation (assuming that the drug treatment results can suppress the
wild-type population, i.e. Ry7(1—¢;) < 1). They only used deterministic results, and did not con-
sider establishment probabilities. Newer work presented by Alexander and Bonhoeffer(9) revisited
this questions through a stochastic viral dynamics framework, and finds more nuanced results - the
relative important of de novo mutations depends on many parameters of the model - including s, e,
d,/d, and Ry,r. Lower drug efficacies and higher costs of the mutation tend to make the contribu-
tions of de novo mutations greater than pre-existing mutations. Here we summarize the derivations
of Alexander and Bonhoeffer as they apply to our system.
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Time-dependent establishment probability For both pre-existing and de novo single drug mu-
tations arising in the single-drug compartment, we will need to know the establishment probability.
When Ry (1 — €;) < 1, which we assume throughout the paper, the wild-type infection in the
SDC decays approximately exponentially as uninfected cells recover. The equations describing the
dynamics for uninfected cells x(t) and infected cells y(t) are (9)

[L’(t) ~ NSDC(l — (1 — 1/RWT)6_dmt)

y(t) ~ K‘S%%e(gl(075)(eidzt_1)+92(s)dﬂct) (43)
with the functions g; and g, given by
gi(t,s) = dy/dpe” " (Rwr — 1)(1 = s) (44)

g2(s) = dy/d(Rwr(1 = 5) — 1)

Because the number of available target cells depends on time, so does the effective R, of the
invading mutant (Ry*"“(t) = Ryr(1 — s)z(t)/Ngpe) and therefore the establishment prob-
ability, Pelsf be —1-1 / R(l)’s D (§2). Initially, the establishment probability is zero (because
2(0) = Nspe/Rwr and so Ry®P€(0) = 1 — s < 1), and it increases over time. Alexander and

Bonhoeftfer(9) derive an expression for Pelsf Dc(t) for a mutant that appears at time ¢,

d -1
P () = (1 + e g1 (¢, 5) 7T (g (s), 0, 1 (1 s))) (45)

T

where the generalized incomplete Gamma function is I'(z, a;, as) = faaf r*~le~*dx. Note that

Pelsf be (t) # 0. Here t refers to the time a mutant appears, not the time at which it establishes, and

since each strain has an average lifespan of 1/d, days, it may establish towards the end of its life

when infected cell levels have recovered enough that Ré’SD “>0.

Mutation pre-exists in wild-type population The wild-type population that is initially present
in the single-drug compartment before drug treatment may harbor a resistance mutation. As shown
in §3.1, the probability generating function for the distribution of the initial single mutant popula-
tion size is

()
S1 (1—-s1)
)z

r0 = (o

where the probability that there are n mutants can be recovered as p(n) = %% »—0, and the

average number of mutants is E[z] = 2£|._; = K[ j/s. The establishment probability of each

pLSDC

est

of these mutants is (0) (Eq. (45)), and so the overall probability that at least one mutant
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establishes an infection is

p= Zp(n)(l — (1= PLPC0)™)
n=0
=1-F(1-P;"°0)) (46)

5 ( (=) )
=1 (1 —(1—s)(1— Pl’SDC(O)))

est

Mutation arises de novo from the wild type The wild-type population that is initially present
in the single-drug compartment before treatment begins can generate a new resistance mutation
during the period when the drug is first administered and the wild-type population is declining. The
probability that a new mutation is generated during this decay depends on the product of the rate of
new mutations generated and their establishment probability, which are both are time-dependent
quantities(9). This product is given by

1

Rwr

() = K¥od, Rwr(1—)p <1 - <1 ) ) 6dmt> S FRSONC
where g; and g, are the same as defined in Equation (44). From r(t), the total probability that a de
novo mutation single mutant arises in the SDC and establishes is

p=1—¢ Jo (48)

Comparison The total probability of single mutants establishing in the SDC shortly after treat-
ment initiation, due to standing genetic variation (ps;), is the sum of these two probabilities. When
the cost of the mutation is relatively small (s < 1) but the drug efficacy is quite high (e ~ 1), the
chance that these mutants arise from mutation-selection balance is much higher than the chance
that they arise de novo during drug decay. We tested this for the range of parameter values used in
the main text figures.

8.2 Probability of pre-existing double drug resistance in the double-drug
compartment

There are three ways to develop resistance in the double-drug compartment that do not involve the
other compartments at all. When drug treatment starts, there is an existing wild-type infection in
the double-drug compartment. A double mutation can either exist at mutation-selection balance
in this initial population, or, if the drug is not 100% efficacious, it can arise during replication
that continues as the wild-type population, or pre-existing single resistant mutants, decays in the
presence of the drug. Due to our findings (above) that the first path is much more important for
single mutations in the SDC, we assume the same is true for double mutants in the DDC, and only
present this calculation. The agreement of these approximations with the full simulation results
validates this approach
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Double resistant mutant pre-exists in wild-type population As described in §3.2, we can ap-
proximate the distribution of the number of pre-existing double mutants, and hence the probability
that at least one establishes an infection. Using Equation 16, the probability that at least one pre-
existing double resistant mutant establishes an infection is

1—(1—s1)(1— so) KBbe'srs;
p=1- 12,DDC (49)
1= (1=51)(1=s2)(1 = Py, (0))
where P12P€(0) follows the same form as Eq. (45) except that s; is replaced with 1 — (1 —
51)(1 — 82).

We therefore approximate this rate p as the total probability of double mutants establishing
shortly after treatment initiation in the DDC, pgq.

Part 111
Simulations

9 Overview

We developed a fully stochastic simulation where we keep track of the genotype and location of
every infected cell in the body. We explicitly simulate all the events that might occur to an infected
cell: replication (representing either division of a bacterial cell or infection of a new cell by a
virus), mutation (upon replication), migration and death. Events are chosen with a probability that
is proportional to their rate of occurrence. Once an event is executed, time is updated using the
total rate of all the possible events that could have occurred. This method for exact stochastic
simulation of Poisson processes is known as the Gillespie algorithm.

Rates of replication, death and migration The replication rate of cells of type ¢ in compartment
7, rfjep tication " and the death rate rgl;“th, are calculated using the deterministic basic viral dynam-
ics model described above (§1). To speed up the simulation of large numbers of cells over long
time periods, which we must repeat thousands of times, the model can be additionally simplified
to a single equation for the dynamics of infected cells. This is accomplished by assuming that
uninfected cells numbers change in parallel to infected cell numbers, without any lags, by setting

2 = 0. We then get a reduced model

>‘j dy Réj
Aj+ Z?:l R%)j dyyi;

Yij =

] Yij — dyyij (50)

where the first term gives r;;” ication and the second term tells us that rdeath — d, for all 4, j. The
rate of production of uninfected cells in our model is A; = N.d,. This approximation in general
p J J PP g

has very little effect on our results, as lags in target cell recovery or decline matter most when
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the total viral population size is changing rapidly in a compartment, which occurs on a timescale
much shorter than the evolutionary processes we are interested in. We have validated this using a
full simulation tracking infected as well as uninfected cells. However, this lag can influence the
fixation probability of pre-existing mutations in drug-treated compartments (§8), and so this ap-
proximation was not used for results including standing genetic variation.

The rate of migration out of a compartment does not depend on the type of the cell, so the total
outward migration rate is rg”gm”m = 37, mjy foralli. As in the main text, m, is the migration
rate from compartment j to compartment k.

10 Simulation algorithm

1. Calculate the rate of every possible event

We denote the rate of an event as «;;; where ¢ = {0, 1, 2, 3} corresponds to the genotype of
the cell to which the event will occur (wild type, single mutant 1, single mutant 2, double
mutant), j = {0, 1,2, 3} corresponds to the compartment where the event will occur (SAN,
SDC1, SDC2, DDC) and k = {0, 1,2} corresponds to the type of event (replication,death,
migration). We can write oy, = n;7555, Where n;; is the number of cells of type 7 in
compartment j and 7, is the rate at which event £ occurs for cells of type ¢ in compartment
J- Itk =0, rij = TZ']-eplmtim, itk =1r= Tldjeath and if &k = 2, r;j;, = Tgigmmm. The
total rate of possible events that can occuris ar = ;> . > ) qijp.

2. Determine which event will occur next
Draw a random number X from [0, 1]. If Xar < aggo the next event will be replication of
one wild-type strain in the sanctuary, if aggg < Xar < agoo + o1, the next event will be
death of one wild-type strain in the sanctuary and so on for all the 48 possibilities. We will
denote the genotype and compartment of the cell where next event will occur as 7' and j’
respectively.

3. Execute event

(a) Replication. Draw an additional random number from (0, 1) to determine if the cell
mutates to any of the other three genotypes or remains of type ". Only one mutation
event per drug can occur. Increase the number of cells of the type chosen after mutation
in compartment j' by 1.

(b) Death. Decrease the number of cells of type ¢’ in compartment ;' by 1.

(c) Migration. Draw an additional random number from (0, 1) to determine where the cell
migrates. Decrease the number of cells of type i’ in compartment j’ by 1 and increase
its number in the target compartment by 1.

4. Update time Update the time from ¢ to ¢t + 7 where 7 is a number randomly drawn from an
exponential distribution with mean ﬁ
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These steps are iterated until a maximum time is reached (for Figures 2a, 2b) or until there is
colonization of the double-drug compartment (for Figures 2c, 2d, 3 and 4). We assume that the
double-drug compartment is colonized and consequently treatments fails if there are more than 10
double-drug resistant mutants in the double-drug compartment. We chose this threshold since the
probability that a population of 10 double-drug resistant mutants goes extinct in the double-drug
compartment is of the order of 107 for the parameter values that we use in our simulations.

For results including standing genetic variation we additionaly keep track of the genotype and
location of every uninfected cell in the body and explicitly simulate all the events that might oc-
cur to both infected and uninfected cells: replication of uninfected cells, infection, mutation upon
infection, death of both uninfected and infected cells, and migration of infected cells among differ-
ent compartments. If treatment does not fail and the number of uninfected cells in the double-drug
compartment is restored to the value at carrying capacity by the action of the drug then we switch
to simulating only the dynamics of infected cells.

10.1 Imitial conditions
10.1.1 Not including standing genetic variation

We assume that when treatment starts the wild-type population is at its carrying capacity in the
sanctuary and the other compartments have no infected cells. Thus, the initial number of wild-
type strains in the sanctuary is K ¢,,. We also assume that the population is at mutation-selection
equilibrium in the sanctuary so we sample the initial number of mutants resistant to drug 1, the
initial number of mutants resistant to drug 2 and the initial number of double-drug resistant mutants

from Poisson distributions with means K¢y 5t Kgyy'2 and Kg gy 22 respectively.

10.1.2 Including standing genetic variation

We account for pre-existing mutations by simulating the infection before initiating treatment. We
assume that the wild-type starts at its carrying capacity in all the four compartments and simulate
the infection for 100 days (since there are no drugs, the R, of the wild-type is Ry in all the
compartments). We verified that this time is long enough for the population of infected cells to
reach mutation-selection balance in all the compartments before treatments starts.

11 Distinguishing paths to resistance evolution in simulations

We distinguish between the direct and the stepwise path to resistance evolution by determining
whether the single-drug compartment is already colonized by single-drug resistant mutants when
treatment fails. We assume that the single-drug compartment is colonized if it has more than 10
single-drug resistant mutants. We chose this threshold since the probability that a population of 10
single-drug resistant mutants goes extinct in the single-drug compartment is of the order of 107°
for the parameter values that we use in our simulations. When there is more than one single-drug
compartment, stepwise evolution of resistance can happen via three different paths: Either of the
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single-drug compartments can be colonized before the double-drug compartment or both single-
drug compartments can be colonized before the double-drug compartment. We study the relative
frequency of the stepwise paths to resistance evolution in Figure 4.

12 Determining the average viral load

The mean viral load is the average of the total number of infected cells over all the time steps in
the simulation weighted by the length of each time step. This is (>, V;7;)/tio1a, Where V; is the
total number of infected cells in time step ¢, 7 is the length of time step ¢ and t;p;q; = > _; 7; is the
total simulation time.

13 Information on figures in the main text

The following parameter values are the same in all figures: Ryr = 4,¢; = 0.99,¢2 = 0.99,d, =
1d',d,=01d'andm =0.1d"".

Figure 2
Figures 2a and 2b

The infection is simulated until the total time has been reached regardless of whether treatment
failed or not. The size of the compartment with drug 1, Ngpc1, increases along the x-axis and
each point is the fraction of the total number of simulated patients that failed via the indicated path
(either direct or stepwise). For each value of Ngp¢; treatment has failed in at least 2000 simulated
patients.

Parameters: s; = 0.05,s5, = 0.05, 0y = 107°, uy = 1075, Ngany = 10° cells, Ngpcy =
0 cells, Nppe = 107 cells, Total time: 365 days (Figure 2a), Total time: 3650 days (Figure 2b).

Figures 2c and 2d

We show an example run of a simulated patient where the double-drug compartment is colonized
in the absence (Figure 2c) and the presence (Figure 2d) of a single-drug compartment containing
drug 1. The mean time to treatment failure over 2000 simulated patients for the parameters in
Figure 2c is 1.576 x 10° days and for the parmeters in Figure 2d is 2270 days.

Parameters: s; = 0.05,50 = 0.05,; = 107, s = 107°, Ngay = 10° cells, Ngpco =
0 cells, Nppe = 107 cells, Ngpo1 = 0 cells (Figure 2¢), Ngpc1 = 5 x 10* cells (Figure 2d).
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Figure 3

We simulate the infection until there is colonization of the double-drug compartment. To capture
the trade-off between total drug coverage and the presence of a single-drug compartment, the size
of the single-drug compartment with drug 1 increases along the x-axis keeping Ngan+ Nspc1 con-
stant. We plot both the mean viral load until treatment failure and the fold-increase in the adaptation
rate relative to the case when there are no single-drug compartments (Ngn = 10° cells, Ngpo1 =
0 cells). The adaptation rate is calculated as Tif where T is the average time to treatment failure
over at least 30000 simulations. The fold-increase in adaptation rate relative to Ngpc1 = 0 is
shown both for simulations including and not including standing genetic variation.

Parameters: s; = 0.05,s5 = 0.05, 47 = 107, iy = 1075, Ngpc1 = 10° — Ngan, Nspce =
0 cells, Nppe = 107 cells.

Figure 4

We assume that there is an additional single-drug compartment where only drug 2 is active. We
simulate the infection until there is colonization of the double-drug compartment and study the
dependency of the relative frequency of the paths for stepwise resistance evolution on the compart-
ment sizes, the mutation rates and the mutation costs. We consider the paths where only one of the
single-drug compartments is colonized before treatment fails. Each point corresponds to the total
fraction of patients that failed via the path SAN — SDCI1 — DDC relative to the total fraction that
failed via the path SAN — SDC2 — DDC out of 6000 replicates.

Figure 4a

We study the effect of asymmetrical compartment sizes on the stepwise paths to resistance evolu-
tion by increasing Ngpcy along the x-axis while keeping Ngpco constant.

Parameters: s; = 0.05,s0 = 0.05,; = 107, s = 107°, Ngay = 10° cells, Ngpco =
10% cells, Nppe = 107 cells.

Figure 4b

We study the effect of asymmetrical mutation rates on the stepwise paths to resistance evolution
by increasing y; along the x-axis while keeping 15 constant.

Parameters: S1 = 005, So = 005, Mo = 1075, NSAN = 105 CCHS, NSDC’l = 104 cells, NSDCQ =
10% cells, Nppo = 107 cells.
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Figures 4c

We study the effect of asymmetrical costs of resistance mutations on the stepwise paths to resis-
tance evolution by increasing s; along the x-axis while keeping s, constant.

Parameters: s, = 0.05, 1y = 107°, iy = 1075, Ngan = 10° cells, Ngpo1 = 10% cells, Ngpeo =
10* cells, Nppe = 107 cells.
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Part IV
Supplementary Figures
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Figure 1: Eradication of an acute disease in the presence of single-drug compartments. The proba-
bility that a disease with no sanctuary is eradicated after treatment is plotted as a function of the size of
the single-drug compartment with drug 1 (Ngpc1), assuming that the sum of the sizes of the SDC1 and
the double-drug compartment is constant. Diagrams below the x-axis illustrate the changes in compartment
sizes, following the style of Figure 1. The infection is simulated for 100 days before treatment. Treatment
starts after this time and is simulated until there are no infected cells in the body (disease eradication) or until
the double-drug compartment is colonized. Parameters: Ryyr = 4,¢1 = 0.99,¢e2 = 0.99,d, = 1 d_l, dy =
01d7Y,m = 0.1d7 ' s; = 0.05,s0 = 0.05,u1 = 107°, up = 1075, Ngan = Ocells, Nspco =
0 cells, Nppc = 10" — Nspci. Nspei changes along the x-axis. Each point corresponds to 3000 simu-
lated patients.
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Figure 2: Resistance evolution in the presence of single-drug compartments and pre-existing resis-
tance. (A and B) The shaded area gives the fraction of simulated patients that failed treatment after 1 or
10 years as a function of the size of the single-drug compartment containing drug 1 (SDC1) relative to the
size of the double-drug compartment (DDC). The infection in all the compartments is simulated for 100
days before treatment starts. We further indicate whether treatment failure occurred via direct (grey dots)
or stepwise evolution (pink dots). Solid lines are analytic calculations (Suppl. Methods §5, 6). (C and D)
Same as above, except that backwards migration is not allowed before treatment starts so the number of
pre-existing mutants in the single-drug compartment corresponds to the expectation at mutation-selection
balance and is not higher because of migration from the double-drug compartment as in A and B. Parameters:
Ryt = 4,61 = 0.99,65 = 0.99,dy, = 1d7',d, = 0.1d7,m = 0.1d7", 51 = 0.05,s5 = 0.05, 41 =
1072, s = 107°, Ngan = 10° cells, Nspca = O cells, Nppc = 107 cells. Ngpc1 changes along the
x-axis for all the figures. For each value of Ngpc treatment has failed in at least 300 simulated patients.
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Figure 3: Stepwise resistance evolution in the presence of two single-drug compartments when drug
efficacies differ. Fraction of simulated patients that failed via the path where the single-drug compartment
with drug 1 is colonized before treatment failure (P(SDC1): SAN — SDCI — DDC) relative to the fraction
that failed via the path where the single-drug compartment with drug 2 is colonized before (P(SDC2): SAN
— SDC2 — DDC) as a function of drug efficacies. The x-axis corresponds to the ratio of pathogen fitness in
the presence of drug 1 relative to in the presence of drug 2, which is equal to one minus the efficacy of drug 1
(1-€1) over one minus the efficacy of drug 2 (1-e2). Parameters: Ry = 4,d, = 1 dld,=01d,m=
0.1d7 1,51 = 0.05,s9 = 0.05, 41 = 107%, g = 1075, Ngan = 10° cells, Ngpc1 = 10 cells, Ngpca =
10% cells, Nppc = 107 cells. The total number of simulated patients for each point is 10000.
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Figure 4: Resistance evolution in the presence of single-drug compartments in a region of the param-
eter space where the simplified Markov process has a good agreement with the stochastic simulations.
The shaded area gives the fraction of simulated patients that failed treatment after 1 or 10 years as a function
of the size of the single-drug compartment containing drug 1 (SDC1) relative to the size of the double-drug
compartment (DDC). We further indicate whether treatment failure occurred via direct (grey dots) or step-
wise evolution (pink dots). Solid lines are simplified analytic calculations (Suppl. Methods §5). The vertical
dotted lines are analytical approximations for the point where the stepwise path to resistance becomes more
important than the direct path (Supp. Methods §7). Parameters: Ry = 4,d, = 1 dl,d,=01d",m=
1073d7 Y s; = 01,80 = 0.1, 1 = 1074, o = 1074, Ngan = 10° cells, Nppo = 107 cells. For each
value of Ngpc treatment has failed in at least 1000 simulated patients.

31



References

[1] Nowak, M. A. & May, R. M. C. Virus dynamics: mathematical principles of immunology
and virology. Oxford University Press, USA, (2000).

[2] Perelson, A. S., Neumann, A. U., Markowitz, M., Leonard, J. M., & Ho, D. D. HIV-1
dynamics in vivo: virion clearance rate, infected cell life-span, and viral generation time.
Science (New York, N.Y.) 271(5255), 1582-1586, March (1996).

[3] Iwasa, Y., Michor, F., & Nowak, M. A. Evolutionary dynamics of invasion and escape.
Journal of Theoretical Biology 226(2), 205-214, January (2004).

[4] Haeno, H. & Iwasa, Y. Probability of resistance evolution for exponentially growing virus in
the host. Journal of Theoretical Biology 246(2), 323-331, May (2007).

[5] Hill, A. L., Rosenbloom, D. I. S., Fu, F.,, Nowak, M. A., & Siliciano, R. F. Predicting the
outcomes of treatment to eradicate the latent reservoir for HIV-1. Proceedings of the National
Academy of Sciences 111(37), 13475-13480, September (2014).

[6] Pearson, J. E., Krapivsky, P., & Perelson, A. S. Stochastic theory of early viral infection:
Continuous versus burst production of virions. PLoS Comput Biol 7(2), 1001058, February
(2011).

[7] Rouzine, I. M., Razooky, B. S., & Weinberger, L. S. Stochastic variability in HIV affects
viral eradication. Proceedings of the National Academy of Sciences 111(37), 13251-13252,
September (2014).

[8] Karlin, S. & Taylor, H. M. A First Course in Stochastic Processes, Second Edition. Academic
Press, New York, 2 edition edition, , April (1975).

[9] Alexander, H. K. & Bonhoeffer, S. Pre-existence and emergence of drug resistance in a
generalized model of intra-host viral dynamics. Epidemics 4(4), 187-202, December (2012).

[10] Kendall, D. G. Stochastic processes and population growth. Journal of the Royal Statistical
Society. Series B (Methodological) 11(2), 230-282, January (1949).

[11] Weissman, D. B., Desai, M. M., Fisher, D. S., & Feldman, M. W. The rate at which asex-
ual populations cross fitness valleys. Theoretical Population Biology 75(4), 286-300, June
(2009).

[12] Hermisson, J. & Pennings, P. S. Soft sweeps molecular population genetics of adaptation
from standing genetic variation. Genetics 169(4), 2335-2352, April (2005).

[13] Bonhoeffer, S. & Nowak, M. A. Pre-existence and emergence of drug resistance in HIV-
1 infection. Proceedings of the Royal Society B: Biological Sciences 264(1382), 631-637
(1997).

32



	I Basic results of the viral dynamics model
	Deterministic model
	Stochastic model
	Mutation-selection equilibrium

	II Paths to treatment failure
	Overview of probability of treatment failure
	Rates of treatment failure
	Modified rate equations to account for temporal clustering of mutations
	Comparison of stepwise versus direct path to acquired double-drug resistance
	Including pre-existing resistance

	III Simulations
	Overview
	Simulation algorithm
	Distinguishing paths to resistance evolution in simulations
	Determining the average viral load
	Information on figures in the main text

	IV Supplementary Figures

